FurA influences heterocyst differentiation in Anabaena sp. PCC 7120  by González, Andrés et al.
FEBS Letters 587 (2013) 2682–2690journal homepage: www.FEBSLetters .orgFurA inﬂuences heterocyst differentiation in Anabaena sp. PCC 71200014-5793/$36.00  2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.febslet.2013.07.007
Abbreviations: CAP, catabolite activator protein; Chl, chlorophyll a; DTT,
dithiothreitol; EMSA, electrophoretic mobility shift assays; Fur, ferric uptake
regulator; hep, heterocyst envelope polysaccharide; nif, nitrogen ﬁxation; nt,
nucleotides; tsp, transcriptional start point; lE, microEinstein; qRT-PCR, quantita-
tive reverse transcription PCR; 2-OG, 2-oxoglutarate
⇑ Corresponding author at: Departamento de Bioquímica y Biología Molecular y
Celular, Universidad de Zaragoza, 50009 Zaragoza, Spain. Fax: +34 976762123.
E-mail address: ﬁllat@unizar.es (M.F. Fillat).Andrés González a,b, Ana Valladares c, M. Luisa Peleato a,b, María F. Fillat a,b,⇑
aDepartamento de Bioquímica y Biología Molecular y Celular, Universidad de Zaragoza, 50009 Zaragoza, Spain
b Instituto de Biocomputación y Física de Sistemas Complejos (BIFI), Universidad de Zaragoza, 50009 Zaragoza, Spain
c Instituto de Bioquímica Vegetal y Fotosíntesis, Centro de Investigaciones Cientíﬁcas Isla de la Cartuja, CSIC-Universidad de Sevilla, E-41092 Seville, Spain
a r t i c l e i n f oArticle history:
Received 14 May 2013
Revised 1 July 2013
Accepted 2 July 2013
Available online 9 July 2013
Edited by Miguel De la Rosa
Keywords:
Heterocyst differentiation
Ferric uptake regulator
Anabaenaa b s t r a c t
In Anabaena sp. PCC 7120, FurA is a global transcriptional regulator whose expression is strongly
induced by NtcA in proheterocysts and remains stably expressed in mature heterocysts. In the pres-
ent study, overexpression of furA partially suppressed heterocyst differentiation by impairing mor-
phogenesis at an early stage. Recombinant puriﬁed FurA speciﬁcally bound in vitro to the promoter
regions of ntcA, while quantitative RT-PCR analyses indicated that furA overexpression strongly
affected the transient increase of ntcA expression that occurs shortly after nitrogen step-down.
Overall, the results suggest a connection between iron homeostasis and heterocyst differentiation
via FurA, by modulating the expression of ntcA.
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Biological nitrogen ﬁxation is performed by certain cyanobacte-
ria in environments where inorganic nitrogen species (i.e.,
ammonium, urea, nitrate, nitrite) become depleted. Since the nitro-
gen-ﬁxing enzyme nitrogenase is irreversibly inactivated when ex-
posed to molecular oxygen, some ﬁlamentous diazotrophic
cyanobacteria spatially separate photosynthesis and nitrogen ﬁxa-
tion by differentiating highly specialized cells called heterocysts
[1,2]. Heterocysts deposit glycolipid and polysaccharide layers out-
side of their cell walls to limit the entry of atmospheric oxygen.
They also lack photosystem II activity and increase their respira-
tion rate to consume O2 that enters the cell, providing thereby a
microoxic compartment for the expression of the oxygen-sensitive
nitrogenase. In the ﬁlamentous heterocyst-forming cyanobacte-
rium Anabaena sp. PCC 7120, about 7–12% of the vegetative cells
terminally differentiate into nitrogen-ﬁxing heterocysts when
grown in the absence of combined nitrogen. Single heterocysts
are spaced at semiregular intervals of 10–15 vegetative cells alonga ﬁlament composed of tens or even hundreds of individual cells,
each surrounded by its own plasma membrane and a peptidogly-
can layer, but sharing a continuous periplasm enclosed by a com-
mon outer membrane [3]. Heterocysts provide ﬁxed nitrogen in
the form of amino acids to the neighbouring vegetative cells, while
vegetative cells supply heterocysts with ﬁxed carbon produced by
photosynthesis, thus creating a multicellular microorganism with
two mutually dependent cell types [1].
Heterocyst development and its pattern formation are conse-
quences of multiple external and internal signals, the action of sev-
eral positive and negative regulators, the communication between
cells in a ﬁlament, and the spatial–temporal regulation of gene
expression and cellular processes [2,4,5]. Practically, the timeline
of heterocyst development could be divided into three major
stages. The early stage comprises the initiation of a complex
gene regulatory cascade triggered by a metabolic signal, the accu-
mulation of 2-oxoglutarate (2-OG) resulting from nitrogen limiting
conditions. NtcA, a catabolite activator protein (CAP) family tran-
scriptional regulator that functions as the global regulator of nitro-
gen metabolism [6], senses the increased levels of 2-OG and
activates the expression of the master regulator of heterocyst dif-
ferentiation HetR [7] via NrrA [8,9]. In a mutually dependent
expression, the induction of hetR produces a transient increase of
NtcA levels in a HetR-dependent manner [10], and this mutual
up-regulation under a nitrogen deﬁciency status appears essential
for the subsequent induction of other heterocyst development
genes [11]. The early stage of heterocyst differentiation process is
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inducible speciﬁc proteases in the committed cells, and these
‘‘early proheterocysts’’ begin to lose phycocyanin and oxygen-
evolving capacity, becoming morphologically discernible [12,13].
The middle stage of differentiation to heterocysts is distinguished
by structural and physiological changes [2]. These changes begin
with morphogenesis of the heterocyst envelope by the deposition
of the outer polysaccharide layer and the inner glycolipid layer
by 12 h after nitrogen step-down [13]. Before this time, the process
of differentiation is reversible if a source of combined nitrogen is
added [2]. By the late stage, which occurs between 18 and 24 h
after nitrogen deprivation and culminates with fully developed
mature heterocysts, the nitrogen-ﬁxation (nif) genes are expressed
as a result of multiple DNA rearrangements due to developmen-
tally programmed site-speciﬁc recombination events [2].
Acting downstream to NtcA/HetR induction, other players in the
regulatory cascade have been identiﬁed, including PatS [14] and
HetN [15], which respectively govern de novo pattern formation
and pattern maintenance by suppressing the differentiation of veg-
etative cells near to the proheterocysts and mature heterocysts. In
addition, expression of hanA[16], hetC[17], devBCA[18] or devH[19],
among other genes [1,2,20], is essential for the early stage of differ-
entiation as well as for maturation of heterocysts.
In nature, biological nitrogen ﬁxation is also inﬂuenced by iron
bioavailability [21,22]. Iron is one of the most important poten-
tially limiting nutrients for photoautotrophic growth in diverse
environments, from the open ocean to coastal regions and lakes
[23,24]. Diazotrophy imposes additional iron demands for growth
beyond those attributed to photosynthesis and respiration, since
nitrogenase contains up to 36 iron atoms per enzyme complex,
in addition to the iron-containing proteins required to supply suf-
ﬁcient reductant for nitrogen ﬁxation. To maintain viability under
iron plus nitrogen limitation, the marine cyanobacterium Trich-
odesmiun erythraeum IMS101 selectively sacriﬁces nitrogen ﬁxa-
tion to conserve iron for photosynthetic and respiratory electron
transport [25,26], while nitrogen ﬁxation and heterocyst differen-
tiation are severely impaired in Anabaena sp. PCC 7120 grown un-
der iron deﬁciency [27–29].
In previous studies using in vitro and in silico analyses, we have
identiﬁed a variety of potentially overlapping transcriptional tar-
gets of NtcA and the essential ferric uptake regulator FurA [30].
In addition, furA appeared up-regulated after nitrogen deprivation
speciﬁcally in proheterocysts and mature heterocysts. This induc-
tion depended on NtcA as it did not occur under a ntcA mutant
background [31]. As the master regulator of iron homeostasis
and sensor of iron availability, FurA could have a critical role in
the modulation of heterocyst differentiation. In the present study,
we present evidence that FurA inﬂuences heterocyst development
in Anabaena sp. PCC 7120 by controlling the expression of NtcA.2. Materials and methods
2.1. Strains and growth conditions
The heterocyst-forming cyanobacterium Anabaena sp. PCC 7120
and its furA-overexpressing derivative strain AG2770FurA [32]
were grown photoautotrophically at 30 C in BG-11 medium [33]
or BG-110 (BG-11 without NaNO3) under continuous illumination
with white light at 75 lE m2 s1. All cultures were supplemented
with 0.84 g of NaHCO3 l1 and bubbled with a mixture of CO2 and
air (1% v/v). For the strain AG2770FurA, cultures were supple-
mented with 50 lg ml1 neomycin. Chlorophyll a (Chl) was deter-
mined in methanol extracts [34].
For heterocyst induction, exponentially growing ﬁlaments
(3 lg Chl ml1) from standard BG-11 were collected by ﬁltration,washed twice with BG-110 and resuspended in the same nitro-
gen-free medium. The cultures were further incubated for 72 h
and the ﬁlaments were scored for heterocyst frequency at 24 h
time intervals.
For RNA isolation, samples of 100 ml from cultures in BG-110
were collected at the number of hours after induction as indicated
in the experiment. Filaments were harvested at room temperature
and immediately frozen in liquid nitrogen for RNA isolation.
2.2. Heterocyst frequency, pattern spacing and microscopy
Filaments were treated with 0.05% alcian blue (Sigma) for 5 min
to stain heterocysts. Heterocyst frequency was deﬁned as the per-
centage of heterocysts in the total cyanobacterial cell population,
and determined by counts of more than 1000 cyanobacterial cells
per sample.
Pattern spacing was deﬁned as the mean distance between dif-
ferentiating cells, measured as the number of intervening vegeta-
tive cells, averaging 20 intervals per sample.
Photomicrographs were taken under a 40 dry objective lens
on an Olympus BX60 microscope equipped with a DFC300 FX Leica
digital camera.
2.3. Acetylene reduction assay
Nitrogenase activity was determined by the acetylene reduction
assay at 24, 48 and 72 h after nitrogen step-down. Samples of 2 ml
containing 10 lg Chl ml1 in BG110 were incubated in an atmosphere
of 14% acetylene in air, with shaking and standard illumination at
30 C. Production of ethylene was determined by gas chromatogra-
phy in samples taken after 0, 30 and 60min of incubation.
2.4. Electrophoretic mobility shift assays
Recombinant Anabaena sp. PCC 7120 FurA protein was pro-
duced in Escherichia coli BL21 (DE3) using the expression vector
pET28a (EMD Biosciences), and puriﬁed according to previously
described methods [35]. The promoter regions of each gene of
interest were obtained by PCR using the primers listed in
Table S1. Electrophoretic mobility shift assays (EMSA) were per-
formed as described previously [36]. Brieﬂy, 100–120 ng of each
DNA fragment were mixed with recombinant FurA protein at con-
centrations of 300, 500 and 700 nM in a 20 ll reaction volume con-
taining 10 mM bis-Tris (pH 7.5), 40 mM potassium chloride,
0.1 mg ml1 bovine serum albumin, 1 mM dithiothreitol (DTT),
100 lM manganese chloride, and 5% glycerol. In some experi-
ments, EDTA was added to a ﬁnal concentration of 200 lM. To en-
sure the speciﬁcity of EMSA, the promoter region of Anabaena sp.
nifJ (alr1911) gene was included as non-speciﬁc competitor DNA
in all assays. In addition, the promoter region of furA was included
as positive control [32]. Mixtures were incubated at room temper-
ature for 30 min, and subsequently separated on 4% non-denatur-
ing polyacrylamide gels in running buffer (25 mM Tris, 190 mM
glycine) at 90 V. Gels were stained with SYBR Safe DNA gel stain
(Invitrogen) and processed with a Gel Doc 2000 Image Analyzer
(Bio-Rad).
2.5. DNase I footprinting analysis
DNase I protection assays were performed as previously de-
scribed [9], with slight modiﬁcations. Brieﬂy, protein-DNA com-
plexes were formed in a ﬁnal volume of 15 ll reaction buffer
containing 10 mM bis-Tris (pH 7.5), 40 mM KCl, 100 lM MnCl2,
1 mM DTT, 0.07 mg ml1 bovine serum albumin, 0.07 mg ml1
poly(dI–dC), 5% glycerol with 10 fmol of 32P-end-labelled (with
T4 polynucleotide kinase and [c-32P]ATP) DNA fragment, 1 mM
Fig. 1. Overexpression of furA partially inhibits heterocyst differentiation in
Anabaena sp. Bright-ﬁeld micrographs of alcian blue stained ﬁlaments of wild-type
strain PCC 7120 (A) and furA-overexpressing strain AG2770FurA (B) grown in BG110
after 24 h of nitrogen step-down. Filaments showing semiregularly spaced
proheterocysts with morphogenesis arrested at an early stage (indicated with red
arrows) were observed in the furA-overexpressing strain.
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tures were incubated for 30 min at 30 C. Then, 1 U DNase I (Roche)
was added in a buffer containing 50 mM sodium acetate and 6 mM
MgSO4, and the reaction was incubated for 10–15 s at 37 C, and
immediately stopped with 4 ll of stop solution [0.5 mM EDTA,
0.125% SDS, 12.5 mM ammonium acetate (pH 5.2)]. The products
were resolved in 6% polyacrylamide with 4.68 M urea gels. The
protected regions were identiﬁed by comparison with sequence
ladders generated using the Sequenase Version 2.0 DNA sequenc-
ing kit (Affymetrix). The templates for size marker sequencing lad-
ders were the same as the DNA fragments used in DNase I
footprinting assays, or (in the case of hetR) heterologous DNA frag-
ments with similar length.
Radioactive bands were visualized with a Cyclone Plus Storage
Phosphor System and OptiQuant image analysis software
(PerkinElmer).
2.6. Real-time RT-PCR (qRT-PCR)
Total RNA was isolated according to a previously described pro-
cedure [11]. Samples of 1 lg RNA were heated at 85 C for 10 min
and used as template for the ﬁrst strand cDNA synthesis. Residual
DNA in RNA preparations was eliminated by digestion with RNase-
free DNase I (Roche). The absence of DNA was checked by PCR. Re-
verse transcription was carried out using SuperScript retrotran-
scriptase (Invitrogen) in a 20 ll reaction volume containing
150 ng of random primers (Invitrogen), 1 mM dNTP mix (GE
Healthcare) and 10 mM DTT. Real-time reverse transcription PCR
(qRT-PCR) was carried out using a LightCycler 2.0 system (Roche).
Reactions were set up in glass capillaries in a ﬁnal volume of 10 ll
containing 2 ll LightCycler FastStart MasterPLUS SYBR Green I
Reaction mix-enzyme (Roche), 1.25 pmol of each primer and
0.75 ng cDNA. Negative controls with no cDNA were included. All
reactions were performed with three different biological samples.
The sequences of speciﬁc primers used for transcript quantiﬁcation
of selected genes are deﬁned in Table S1. All primers were tested
functionally in quantitative analysis and the results were optimal.
Melting curve analysis showed that there was no primer dimer for-
mation. The housekeeping gene rnpB [37] was used as a reference
for relative quantiﬁcation of selected transcripts. Relative quantiﬁ-
cation was performed according to the Pfafﬂ method [38].
2.7. Bioinformatic tools
Primer design and sequence analysis were performed using the
Vector NTI software suite (Invitrogen). Percentage sequence iden-
tities were calculated using William Pearson’s Lalign program [39].
3. Results
3.1. Overexpression of furA partially inhibits heterocyst differentiation
The furA-overexpressing strain AG2770FurA carries the vector
pAM2770FurA, which contains an extra copy of furA driven by
the Anabaena sp. petE promoter [32]. Shuttle plasmid pAM2770
contains a pDU1 replication origin, and it is presumed to be present
at 17 copies per chromosome [40]. The copper-inducible petE pro-
moter is expressed mainly in vegetative cells but has some activity
in differentiating cells [14], and has been previously used as an
effective tool in heterocyst development studies [41–43]. In the
present study, overexpression of furA from the petE promoter on
a multicopy plasmid partially suppressed heterocyst development
after nitrogen step-down (Fig. 1). Staining with alcian blue is rou-
tinely used to detect heterocyst-speciﬁc exopolysaccharides that
are present in the proheterocyst envelope [19]. The light micros-
copy analysis of strain AG2770FurA at 24 h after nitrogen step-down revealed a lot of ﬁlaments with a curious pattern of
semi-regularly spaced single cells that began to differentiate, but
differentiation appears blocked at the early stage of heterocyst
development, previous to the exopolysaccharide layer deposition.
Alcian blue staining was not detected in these early proheterocysts,
which were of similar size to vegetative cells but showed a visible
loss of phycobiliproteins due to phycobilisome degradation [13].
Proheterocysts exhibiting morphogenesis arrested were observed
at 24, 48 and 72 h after nitrogen step-down, indicating that over-
expression of furA did not delay, but did inhibit differentiation.
Inhibition of heterocyst development under a furA overexpression
background was only partial, since mature heterocysts also oc-
curred in the strain AG2770FurA after 24 h of nitrogen deprivation;
however, heterocyst frequency was reduced more than 50% as
compared to the wild-type (Table 1). The average spacing between
differentiating cells, considering all stages of heterocyst develop-
ment observed, was slightly lower in AG2770FurA than in the
wild-type strain at each time of analysis, which could possibly re-
ﬂect lower expression of pattern controlling factors such as PatS or
HetN as a result of early-stage morphogenesis inhibition. Nitroge-
nase activities of both strains were comparable, according to the
heterocyst frequency registered at each analysis time, suggesting
a minor inﬂuence of furA-overexpression on the function of mature
heterocysts. Partial inhibition of heterocyst differentiation did not
completely impair diazotrophic growth; however, the furA-over-
expressing strain displayed a lighter green colour and a lower
growth rate than the wild-type in BG-110, maybe as a sign of
nitrogen limitation.
Table 1
Diazotrophic growth parameters of Anabaena sp. wild-type strain PCC 7120 and furA-overexpressing strain AG2770FurA grown in BG-110 medium.
Parameter PCC 7120 AG2770FurA
24 h 48 h 72 h 24 h 48 h 72 h
Chlorophyll aa 5.2 ± 0.3 9.4 ± 0.3 13.2 ± 0.4 3.4 ± 0.1 4.6 ± 0.1 6.8 ± 0.1
Heterocyst frequencyb 12.2 ± 0.6 7.8 ± 0.4 7.3 ± 0.5 4.4 ± 0.4 4.7 ± 0.3 6.3 ± 0.6
Spacing patternc 11.3 ± 0.5 13.3 ± 1.0 15.8 ± 0.6 8.1 ± 0.8 8.5 ± 0.6 12.4 ± 1.2
Nitrogenase activityd 16.6 ± 0.5 22.4 ± 2.1 9.3 ± 0.9 7.0 ± 0.4 13.5 ± 0.5 8.2 ± 1.4
a Values are means of three independent determinations ± S.D., expressed as lg ml1.
b Percentage of alcian blue stained proheterocyst and mature heterocysts, determined by counts of >1000 cyanobacterial cells per sample. Values are means of three
independent determinations ± S.D.
c Mean distance between all differentiating cells, including proheterocyst with arrested morphogenesis, averaging the number of intervening vegetative cells in 20
intervals per sample in three independent determinations.
d Values are means of two independent determinations ± S.D., expressed as nmol C2H4 g Chl1 h1.
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Because the furA-overexpressing strain was defective for het-
erocyst development, we investigated the ability of recombinant
FurA to bind in vitro the promoter region of several key players in-
volved in early and middle stages of differentiation process [2],
including ntcA, hetR, nrrA, hanA, patS, hetN, devH and asr1734, as
well as some heterocyst envelope polysaccharide (hep) synthesis
genes such as hepA, hepB, hepC and hepK. To conﬁrm the speciﬁcity
of the EMSAs, all assays included the promoter region of the Ana-
baena sp. nifJ gene as non-speciﬁc competitor DNA, while binding
of FurA to the promoter region of its own gene was used as a posi-
tive control [32]. All gene promoters used in the analyses consisted
of a 300–500 bp DNA fragment upstream of the translational start
point. In the case of large promoters, the entire promoter region
was analyzed as several fragments of 300–400 bp in independent
experiments. Different binding conditions were tested for each
gene, including the addition or absence of the metal ion co-repres-
sor (Mn2+) and/or reducing conditions (DTT).
Among all the genes analyzed by EMSAs, only ntcA and hetR
showed a clear binding of FurA to their promoter regions (Fig. 2).
None of the other analyzed players in heterocyst development
showed speciﬁc binding to FurA in vitro according to the EMSA
(data not shown). In the case of hetR, the entire 949 bp promoter
was divided for analysis into three regions, denoted as P1, P2 and
P3, in order of proximity to the translational start point (ATG). As
observed in Fig. 2, in vitro binding of FurA to the hetR promoter
occurred in two quite separated regions, the proximal P1
(fromposition -298to ATG), and the more distal P3 (from position
-949 to -629). The central region of the hetR promoter, P2 (from
position -649 to -271) did not show speciﬁc binding to FurA. As
occurs with other recognized FurA targets, the speciﬁc binding tontcA
(P1, 
furA
- + 1     2     3     4 -Mn2+ -DTT 1     2   
nifJ
Fig. 2. Electrophoretic mobility shift assays showing the ability of FurA to bind in vitro t
recombinant FurA protein at concentration of 300 nM (2), 500 nM (3) and 700 nM (4) in t
co-repressor (removing Mn2+/adding EDTA) and reducing conditions (removing DTT) on t
(500 nM) to its own promoter was included as positive control (left). The promoter regintcA and hetR promoters was strongly dependent on the presence
of divalent metal ions and reducing conditions.
In order to determine the FurA-binding sites within the ntcA
and hetR promoters, DNase I protection footprinting assays were
carried out with puriﬁed recombinant FurA using binding condi-
tions similar to those employed in the EMSA experiments. A large
region of 105 nucleotides (nt) was protected within the ntcA
promoter, where binding of FurA clearly modiﬁed the pattern of
DNase I digestion at every FurA concentration tested (Fig. 3). The
area protected by FurA spans from position -239 to -135 with re-
spect to the translational start point of ntcA, covering the positions
corresponding to the transcriptional start point (tsp) -136 and
tsp -180 [10], spaced 85 nt upstream of the tsp -49 (Fig. 3B). In
the case of hetR, the binding of FurA to DNA also produced
modiﬁcations in the DNase I digestion pattern at two binding sites,
corresponding to the proximal P1 and distal P3 promoter regions
(Fig. 4). The protected area around the proximal binding site in
the P1 promoter region spans from position -102 to -162 (Fig. 4A
and C), just 21 nt downstream from tsp -184 [10], while in the
distal P3 region the protected area included tsp -696, spanning
from position -722 to -659, only 5 nt downstream from tsp -728
(Fig. 4B and C).
A putative FurA regulatory consensus sequence (TGATAAAAA-
TTCTCAATAAATAA) has been recently deﬁned from in silico analy-
ses of footprinted binding sites of several iron-responsive FurA
targets [44]. Scrutiny of the FurA protected areas in the ntcA and
hetR promoters for the FurA regulatory consensus revealed poten-
tial FurA boxes showing 57–61% identity to the putative regulatory
consensus (Figs. 3B and 4C). The extension of the FurA protected
regions in footprinting assays is consistent with the hypothesis
that more than one dimer of Fur binds to the operator for tran-
scriptional regulation. The protein polymerized along the operatorhetR
proximal site)
hetR
(P3, distal site)
  3     4 -Mn2+ -DTT 1     2     3     4 -Mn2+ -DTT
he promoter regions of ntcA and hetR genes. DNA fragments free (1) or mixed with
he presence of Mn2+ and DTT were separated on a 4% PAGE. The impact of the metal
he in vitro afﬁnity of FurA (700 nM) to each target are also showed. Binding of FurA
on of nifJ gene was used as non-speciﬁc competitor DNA in all assays.
Aaagatattttcaagattacttaattttttctgcaaaaaacctgatggttagagaaagtagaagtatctatcaagaa
ctgctagctaaaaatagcaaaagttgggtatcattatgaacaaataaccataaagttgtacgtttgagtataggaa
agtacagaaaggttaacggtgctttattgatttttcaggtgtattcttaggtaattagtttttagttttttgttat
tccggcattgggtaggggaagggagATG
-49
-136
-180B
FurA- -A   C   G    T 
Fig. 3. Sequence of the ntcA promoter region protected by FurA. (A) DNase I protection footprint assays were carried out with 5 fmol of 32P-end-labelled 300–400 bp DNA
fragment and 100, 200, 300 and 500 nM of puriﬁed recombinant FurA in the presence of 100 lM MnCl2 and 1 mM DTT. The window of protection due to FurA binding is
indicated by thick vertical line. Arrowheads point to some protected or hypersensitive positions. (B) Sequence of the ntcA promoter, from position-253 to the translational
start point. The protected area from DNase I digestion corresponding to the FurA binding site is shaded. The position of a putative FurA box according to in silico analysis is
indicated by an open box. The positions and directions of the transcriptional start points (tsp) are indicated by arrows.
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of similarity to the regulatory consensus sequence [45].
3.3. FurA inﬂuences heterocyst differentiation by controlling the
expression of NtcA
The afﬁnity of recombinant FurA for the ntcA and hetR promot-
ers, as well as the in vivo evidence showing that the furA-over-
expressing strain appeared affected in heterocyst development,
led us to investigate the impact of furA overexpression on the tran-
scription levels of ntcA and hetR in response to nitrogen depriva-
tion. Quantitative reverse transcription PCR (qRT-PCR) analysis
showed that previous to nitrogen deprivation, the expression level
of all genes analyzed was low and comparable in both strains,
though slightly lower in the furA-overexpressing strain
(Table S2). After nitrogen step-down, changes in the transcript le-
vel of selected genes were analyzed by qRT-PCR at different times
of heterocyst development in samples of ﬁlaments of both strains
(Fig. 5).
Time-course of ntcA induction took place in a similar manner in
cultures of both strains. The abundance of ntcA transcripts showed
a peak of expression around 8 h after nitrogen deprivation to sub-
sequently decrease. Level of ntcA transcripts was quite similar in
cultures of both strains at 5 h of nitrogen deprivation. However,transient induction of ntcA was strongly affected at longer times
in a furA overexpression background (Fig. 5A). After 8 h of nitrogen
deﬁciency, the abundance of ntcA transcripts was 1.8-fold lower in
cultures of the furA-overexpressing strain. At 11 h after nitrogen
step-down, levels of ntcA transcripts in the strain AG2770FurA
were almost three-fold lower that those observed in the wild-type
strain. By contrast, the inﬂuence of FurA on hetR transcription was
obviously slighter. Under our experimental conditions, the induc-
tion of hetR expression after nitrogen deprivation in both strains
was similar in time-course and magnitude (Fig. 5A).
Previous comparative proteomic analysis of the furA-over-
expressing strain AG2770FurA had shown a signiﬁcant decrease
in the expression of the FurA target gene abp1 [46], coding for a
DNA binding protein involved in the regulation of the expression
of heterocyst envelope polysaccharide (hep) genes [47]. The
in vivo evidence that heterocyst differentiation appeared to be ar-
rested at early stages under a furA overexpression background, to-
gether with the apparent failure of this strain in the synthesis of
heterocyst envelope polysaccharide, led us to analyse the expres-
sion of ﬁve different genes directly involved in exopolysacharide
deposition, namely hepA, hepB, hepC, hepK and abp2 [47–50]. As
shown in Fig. 5B, the expression of all these genes appeared mark-
edly decreased in the furA-overexpressing strain compared to the
wild-type.
atatgacagataaatatagaatattatgttgtgaggaaataaaaggtattgctaagttggaattacctgtcttatt
tagcgtctataattttccctccagccaacgacctacactgccataagagcaaaaaaattgtcagcatctcggcaga
taagaacgctctattgattcaatgggcgttagtgagtttggcgtagtcggcaggtgactttttcaaaaaatcactt
cctgttatttctggaaataatcggtcagcatctgagtaaaattactcaggaatagagtattcacctcaaggagaga
ttgtgcgattataatctcccattgttggccgttgtgttgctatctcctaaatccgggtgcagcccaaaagtcttaa
aaatagcaaatttattgacgctattaaagagcagataagttccggataatagggaaagtccttgtaggttacttat
tagaaccataaagttcgccagtaattgacaaatgttataaatgaggaaattctggcagttattttgtgatttttcg
gtaagatacaagcacgtctagtaacaacactgttgctagttatatgccataaattacggaggaatgagcatcttga
ccattaatcgacttttatttaaaacatcataagcattttggtgtcacaatctcacccccctatgggtgtataccaa
ctactttttttagactaataagcgtgctattcaactatttgtaatATG
-184
-271
-696-728C
- -
A
A   C   G   T - - FurA
B
A   C   G   T
Fig. 4. Sequences of the hetR promoter regions protected by FurA. (A and B) DNase I protection footprint assays were carried out with 5 fmol of 32P-end-labelled 300–400 bp
DNA fragment and 100, 200, 300 and 500 nM of puriﬁed recombinant FurA in the presence of 100 lMMnCl2 and 1 mMDTT. Windows of protection due to FurA binding to the
proximal (A) and to the distal (B) regions of hetR promoter, in relation to ATG, are indicated by thick vertical lines. Arrowheads point to some protected or hypersensitive
positions. (C) Sequence of the hetR promoter, from position -729 to the translational start point. The protected areas from DNase I digestion corresponding to the FurA binding
sites are shaded. The positions of putative FurA boxes are indicated by open boxes. The positions and directions of the transcriptional start points (tsp) are indicated by
arrows.
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Iron availability is critically important in the regulation of
cyanobacterial diazotrophic growth, from heterocyst differentia-
tion to nitrogenase activity [25,27–29]. The results of the present
study indicate that FurA, the master regulator of iron homeostasis
in Anabaena sp. PCC 7120, appears directly involved in regulation
of heterocyst development by controlling, at least, the expression
of the global regulator of nitrogen metabolism NtcA.
Previous work performed in our laboratory has shown that the
expression of furA is activated by NtcA and strongly induced in pro-
heterocysts during the ﬁrst 15 h after nitrogen step-down, remain-
ing stably expressed in mature heterocysts [31]. The identiﬁcation
of common elements overlapping the NtcA and FurA regulons
additionally suggested a cross-talk between iron and nitrogen
regulatory networks [30]. Since furA seems to be essential for
Anabaena sp. under standard culture conditions [51], we used a
furA-overexpressing strain to better understand the role of thisregulator in heterocyst development. Despite the fact that overex-
pression of a global transcriptional regulator like FurA could result
in an aberrant phenotype as a consequence of pleiotropic effects
not directly related to the normal function of the protein, the over-
expression approach have led to identify novel direct targets by
combining the analysis of phenotypic changes with both transcrip-
tional proﬁle variations and in vitro FurA–DNA interactions
[32,44,46].
Our results show that overexpression of furA partially inhibits
heterocyst differentiation at an early stage, resulting in abundant
ﬁlaments exhibiting semi-regularly spaced early proheterocysts
[13] with arrested morphogenesis. Quantitative reverse transcrip-
tion PCR analyses indicate that furA overexpression appears to
block heterocyst differentiation strongly affecting the transient in-
crease of the ntcA transcription levels that normally takes place
after nitrogen deprivation as a result of the mutual dependence
of NtcA and HetR [10]. Although the precise time course of
ntcA induction depends on the experimental conditions of each
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Fig. 5. Change in transcript level of selected genes in Anabaena sp. PCC 7120 (WT) and the furA-overexpressing strain AG2770FurA (FurA) after nitrogen step-down, as
revealed by qRT-PCR analysis. (A) Fold induction of FurA target genes ntcA and hetR in the early stage of heterocyst development. (B) Fold changes in mRNA abundance of
several heterocyst envelope polysaccharide synthesis genes. RNA was isolated from ammonium-grown cells subjected to nitrogen deﬁciency for the number of hours
indicated in each case. Expression levels at each time were calculated relative to that observed in control samples at the beginning of the experiment and normalized using
endogenous housekeeping gene rnpB. Bars indicated the means of three independent determinations ± S.D.
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of nitrogen step-down in the wild-type strain was consistent with
most previously reported data [10]. In contrast, the induction of
ntcA was clearly impaired and less persistent in the AG2770FurA
strain, whose transcription level at 11 h was only 32% of the value
reached by cultures of the wild-type strain. It is interesting to note
that our analyses of expression levels by real-time RT-PCR (qRT-
PCR) in the furA-overexpressing strain were performed on samples
of entire cultures, without discerning ﬁlaments with morphogene-
sis arrested from those which completed differentiation normally.
This fact obviously overestimated the results of ntcA transcript
abundance observed in samples of the furA-overexpressing strain.
FurA speciﬁcally bound in vitro to the promoter region of ntcA
according to both EMSA and footprinting experiments. In conjunc-
tion, the results of in vitro and in vivo analyses undoubtedly indi-
cate a direct regulation of FurA on transcription of ntcA. Notably,
the repressor activity of FurA on ntcA expression seemed to be
unapparent very early after nitrogen deprivation (Fig. 5A). Thus,
the ntcA expression levels as early as 5 h of nitrogen deﬁciency
were unaffected under a FurA overexpression background. This fact
appears to be a consequence of a selective modulation of tsp use
during the FurA transcriptional repression of ntcA expression
according to DNase I protection assays (Fig. 3B). Binding of recom-
binant FurA protected a wide region in the ntcA promoter, covering
the nitrogen responsive tsp -180 and the constitutive tsp -136,while the other nitrogen-responsive tsp -49 seems to escape the
control of FurA. In Anabaena sp. PCC 7120, transcription from tsp
-49 has been observed in nitrate or ammonium containing media,
but its use is induced under nitrogen deprivation as early as 4.5 h
of nitrogen step-down [10]. The other inducible tsp -180 is only
used in the absence of combined nitrogen, and exhibits a strong
transient induction around 6 h after nitrogen deprivation. Hence,
the ntcA induction observed in both strains of Anabaena under
our experimental conditions at 5 h of nitrogen deﬁciency corre-
sponded to transcription from the early-induced FurA-unprotected
tsp -49.
Taking into account that FurA is present at basal levels in all
vegetative cells, its function as ntcA transcriptional repressor may
rely on its concentration rather than solely its normal expression.
Thus, the furA gene is developmentally regulated by NtcA during
heterocyst differentiation and its proper expression at each time
appears to be required for normal heterocyst development. Be-
cause furA is upregulated by NtcA in proheterocysts [31] and its
overexpression appears to down-regulate ntcA expression, it is rea-
sonable to speculate that FurA may normally function in nature
regulating the timing of NtcA induction, acting presumably in con-
junction with other signals as an NtcA shutoff switch during the
middle to late stages of differentiation, in a similar role to PknE
on HetR [52]. Consistent with this hypothesis, the FurA-protected
inducible tsp -180 of ntcA is only transiently used during early
Iron  
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Combined nitrogen 
deprivation
Oxidative   
stress
FurA NtcA
furA ntcA
2-OG
hetR HetR
Fig. 6. A model showing the proposed role of FurA in regulating ntcA expression
during heterocyst development. During the early phase of differentiation, NtcA
upregulates the expression of furA in proheterocysts. The increased level of FurA at
the middle to late stages of differentiation negatively regulates ntcA expression, and
FurA may collaborate with other signals to regulate the timing of the transient NtcA
induction that occurs shortly after nitrogen step-down. Under iron deprivation or
oxidative stress growth conditions, the negatively autoregulated furA is induced,
and de novo differentiation to heterocysts would result seriously affected by down-
regulation of ntcA. Open arrows represent gene expression to the corresponding
protein. Lines ending in arrows and bars indicate positive and negative interactions,
respectively. Dashed arrow indicates a potential interaction between FurA and hetR.
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estingly, tsp -180 became silenced when furA is induced in
proheterocysts [31]. By contrast, the other nitrogen-responsive
tsp -49, which appears to escape of FurA control, remains active
in mature heterocysts [20].
Although the potential regulatory role of FurA on hetR expres-
sion was not so evident regarding the in vivo assays (Fig. 5A), the
slight transcriptional change of hetR observed under a furA overex-
pression background was in the range of those observed in the
expression of other direct FurA targets such as porphobilinogen
deaminase and heme-oxygenase [44]. It cannot be ruled out that
the potential effect of FurA on hetR expression might be more obvi-
ous under growth conditions different to those simulated in our
experiments, since FurA speciﬁcally bound in vitro to promoter re-
gions of hetR according to both EMSA and footprintings assays.
Additionally, putative FurA boxes sharing high sequence identity
with the FurA regulatory consensus were identiﬁed in the FurA
protected regions of hetR promoter.
Since heterocyst maturation during the subsequent middle and
late stages of differentiation process depends on early ntcA induc-
tion, the arrest of heterocyst development observed in vivo in the
furA-overexpressing strain could be expected. However, it is likely
that the overall effect of FurA overexpression was a consequence of
multiple direct and indirect inﬂuences of this global regulator on
heterocyst differentiation. Notably, the induction of hep and other
Fox genes [48–50] after nitrogen deprivation depends on the regu-
latory cascade triggered by the mutual up-regulation of NtcA and
HetR that takes place early during heterocyst development
[53,54]. Hence, the decrease of hep genes induction observed in
our experiments could be an indirect consequence of FurA modu-
lation on ntcA expression.
As occurs with all previously identiﬁed FurA direct targets
[32,36,44,46], the afﬁnity of this regulator to ntcA and hetR promot-
ers wasmarkedly affected by the absence of divalent metal ions
and reducing conditions, suggesting a critical role of the metal
co-repressor and redox status in the FurA functionality in vivo.
Notably, a certain iron limitation exerts different effects on each
Fur regulon component, even on those directly repressed by the
regulator [55]. Consequently, a group of targets, usually those in-
volved in iron homeostasis and oxidative stress defences, are more
susceptible to iron deﬁciency than other direct targets which could
even remain repressed under signals of iron deﬁciency. The results
presented here suggest a novel cross-talk between iron and nitro-
gen regulatory networks in cyanobacteria via FurA (Fig. 6). Under
iron sufﬁcient conditions, the expression of furA is upregulated
by NtcA during the early phase of differentiation [31]. The in-
creased level of FurA at the middle to late stages of heterocyst
development negatively regulates ntcA expression, thereby FurA
may collaborate with other signals to regulate the timing of the
transient NtcA induction that occurs shortly after nitrogen step-
down. However, under iron deprivation or oxidative stress growth
conditions, transcription of furA is enhanced [56]. The higher
expression of FurA will cause early down-regulation of ntcA and
consequently de novo differentiation to heterocysts would be seri-
ously affected, a phenomenon that possibly takes place in nature
with heterocyst-forming diazotrophic cyanobacteria growing in
an iron-limited environment. Additionally, the potential effect of
FurA on hetR expression in vivo is likely to be obvious under more
extreme conditions than those simulated in our experiments. In
fact, heterocyst differentiation resulted completely impaired in
Anabaena under severe iron deﬁciency [29].
Overall, our results clearly indicate that furA inﬂuences hetero-
cyst differentiation by controlling the expression of ntcA. NtcA is
essential for the initiation and early stages of heterocyst develop-
ment, but it also inﬂuences heterocyst maturation and function
[20], activating its own transcription but also the transcription ofhetC[17,57], hepP[54], devBCA operon [18,53], cox2 and cox3[58],
and even nifHDK [11]. Controlling ntcA expression, the ferric up-
take regulator FurA becomes not only a new player in the hetero-
cyst differentiation regulatory cascade, but also a key connection
between iron homeostasis and nitrogen metabolism in
cyanobacteria.
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